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Abstract

This paper is a detailed uncertainty analysis for a 50 gallon per minute positive displacement
piston prover operated by the Liquid Flow Laboratory of the Army Primary Standards
Laboratory (APSL). This uncertainty analysis encompasses all known contributors included in
the APSL estimation of liquid flow piston prover uncertainty and includes consideration of
connecting volume and viscosity. This uncertainty analysis is intended as an aid to those who
work in the field of liquid flow metrology.

Introduction

A simple schematic of a positive displacement liquid flow piston prover is shown below in
Figure 1.
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Figure 1. Simple Schematic of a Positive Displacement Piston Prover
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The positive displacement liquid flow calibrator consists of a piston-cylinder flow element and
measures flow rates through a Meter Under Test (MUT) as illustrated in the following manner.

As shown in Figure 1, the piston starts at position 1, (xl) at time (tl) on the x axis, and being set
into motion by air pressure, moves in a positive direction along the x axis to position 2, (xz) in
time (t2 ) . The displacement of the piston (x2 - X, ) divided by the time elapsed for the piston to

move from position 1 to position 2 (t2 -1, ) gives us the rate [Unit Length/Unit Time] the piston

has traveled in the positive x direction, and is given by the following expression.

Rate =| 22— %1 _Ax _dx (1)
t, —t, At dt

Since the piston and cylinder are circular, the area is given by 4 = &> If we multiply the

constant area by the rate in Equation 1, the volumetric flow rate v of the positive displacement
calibrator can be defined as.
v:AreaxRate:A@:mﬂ@:ﬂ (2)

dt dt dt
The distance, x, traveled by the piston in Figure 1 is measured by a graduated etched glass rule
(with a typical grating pitch of 20 um) that is read by an encoder which produces a pulse each
time a graduation on the rule is encountered. The rate the piston travels in the x direction is
influenced by the Throttle Valve. If the area of the piston-cylinder element is known, one can
determine the volume flow as the area times the distance traveled.

Calibrator Constant, K. [Calibrator Pulses/Unit Volume]

A dimensional calibration to determine the diameter and cylindricity of the flow tube is required
to achieve traceability according to the above method. To avoid the many pitfalls associated
with a three dimensional characterization, the APSL’s Liquid Flow Laboratory performs
volumetric fluid draws to achieve traceability [1]. The fluid draw involves collecting liquid from
a discharge port on the piston prover in a calibrated flask of known volume and recording the
number of pulses required to fill the flask to its etched graduation ring. The APSL performs
eight separate draws along the length of the cylinder to calculate an average and obtain a
repeatability/reproducibility figure. K . is defined below.

P [Calibrator _Pulses]

K. =
% Unit Volume

3)
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Meter K-Factor, K, [Meter Pulses/Unit Volume]

Again referencing Figure 1, the equation used to determine the Meter K-Factor, K, for a
Turbine Flow Meter used as a MUT is:

Kyur = % X l‘i X K fransiator “4)
C MUT

Where
K, =K-factor of the Turbine Meter Under Test ............................. [Meter Pulses/Unit Volume]
P, ur =0utput of the Meter ... [Pulses]
P. =Number of Pulses Generated from the Calibrator’s Encoder ............ccccccevveninininnen. [Pulses]
t. = Time over which the Calibrator’s Pulses are collected...............cccooniiiiiiiiiii [s]
t,ur = Time over which the Turbine Meter’s Pulses are collected...........cccoocevieiiiiiinicnicncnnenn [s]
K tyanstaror = K % (CE xCp x CP)
And
K . = Calibrator Constant per Fluid Draw..........ccccccccevenininnns [Calibrator Pulses/Unit Volume]
C, =Encoder Glass Thermal EXPansion..........cocceceeerieieiiieniinieneneieneeeeeeteseeee e eeeeanen [-]
C, =Flow Tube Thermal EXPanSion ..........cccccoieviirieririiiniiieicnecieeeesteee et [-]
C, =Flow Tube Pressure EXPanSion ..........cocccoieiieriiriiiiniiiieteneeieseeseeeee st [-]

Pulses Output of Meter Under Test (MUT), P, [Pulses]

P

MUT >
forced through the turbine meter and this flow causes the turbine meter blades to spin. The
turbine meter MUT produces pulses from the rotation of the turbine blades, which are picked up

is the number of pulses output by the turbine meter during a measurement. The fluid is

by a detector and counted.

Calibrator Pulses, P.[Pulses]

P. is the number of pulses generated from the linear encoder on the calibrator reading the etched

glass graduated ruler. Each pulse corresponds to a displacement along the x axis of 20 um.

Calibrator Time, 7. [s]

In order to calculate the volumetric flow rate v we must have a time base to measure the
duration over which pulses are counted, 7. If we know how many pulses are collected we can
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relate the number of pulses to a unit volume and divide this by the calibrator time ¢. to

determine the volumetric flow rate v. This is illustrated in equation 5 along with a dimensional
analysis to prove out the units.

1 Volume 1 Volume
=—X|P.|x—=+——=x|Pul = 5
Y K. <[r b to [Pulses]x[ ulses time  time ©)

Meter Under Test Time, 7,,, [s]

t,,ur 18 the duration between the beginning of the collection of Meter Pulses to the end of the
pulse collection. The time base used for measuring ¢,,,,, is the same as the time base used for
measuring .. Therefore, the uncertainty for drift is eliminated. When the MUT is a pulse

producing device such as a turbine meter, a special timing technique referred to as Double
Chronometry is used and is explained below.

Double Chronometry

Double Chronometry is a technique used in positive displacement provers/calibrators. It
minimizes uncertainty by insuring that only whole undivided pulses are counted and timed for
both the pulses produced by the MUT and the linear encoder used on the calibrator. This method
eliminates the possibility of counting unknown fractions of pulses in the calibration time interval
and eliminates uncertainties that could become potentially large, especially when using small
volume displacement flow calibrators where pulse count is small for both the turbine meter and
the linear encoder of the calibrator. The American Petroleum Institute (API) requires the
minimum resolution of small volume provers be 1 part in 10,000 and this requires double
chronometry [2].

The diagram below is provided to help illustrate how the double chronometry technique is
applied.
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Figure 2. Double Chronometry

When air pressure is applied on the left side of the piston in Figure 1, the piston begins to move
in the positive x direction and the Encoder starts producing pulses from reading the Graduated
Glass Ruler. Timer A, in Figure 2, is started when the leading edge of the first encoder pulse is
encountered. This event also enables the start gate of the Flow Meter Pulse Counter and Timer
B. Timer B is started on the leading edge of the first pulse generated by the Turbine Meter.
Timer A is stopped on the leading edge of the last encoder pulse and Timer B is stopped on the
leading edge of the last Flow Meter pulse detected. In this way only full pulses are counted.

Referring to Figure 2, where Time A = ¢, and Time B=¢,,,,,
Flow Meter Frequency, f,,,r

Meter _ Pulses Py,

= 6
S Meter _Time  t,,; ©
Volumetric Flow Rate,\.z
. P
. Encoder _ Pulses _ e 7

(Encoder _Timex Calibrator K _Factor) (t.xK_)
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Mass Flow Rate, m

) Flui D . ui
m= (Encoder B Pulses) X luid _ Density =P, x P fuid ®)
(Encoder _Time)x (Calibrator K _Factor) texK.

Meter K-factor, K

MUT

PMUT
_ Flow_ Meter _Frequency  \ Lyyr

K, ur= 9
Mot Flow _Rate P. 2
tex K.
The Meter K-factor, X,,,,,1s shown in Equation (9) and in Equation (4). (The apparent
difference between Equation (9) and Equation (4) is due to the term K, .. which, if
substituted for K. in Equation (9) gives us Equation (4))
(PMUTr j
Koy = Lyvur :(PMUTJX(lCXKCJ:PMUT y I <K, (10)
PC ZLMUT PC PC tMUT
texK,
Substituting K, ... forK,.
P t
KMUT = — X —— X KTmnslator (1 1)
C ZMUT
K, ..o 18 @ variable used to correct for the Thermal Expansion of the Glass Ruler on the
Encoder, the Thermal Expansion of the Flow Tube and the Pressure Expansion of the Flow
Tube. The next section will cover the variable K, . .
Translator Corrections X, ., [Pulses/Unit Volume]
K., .00 corrects K . for Thermal and Pressure Expansion of the Flow Tube as well as the
thermal expansion of the glass ruler of the encoder used on the calibrator and is defined as
KTmnslatar = KC = (CE X CT X CP) (12)

Where the calibrator constant K ., is the calibrator constant defined above.
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Encoder Glass Thermal Expansion, C, [-]

The equation for correcting for the thermal expansion of the encoder is given below.

Cp = [l_aENC (TAMB — T )] (13)
Where
o, = The Linear Thermal Expansion Coefficient of the Encoder..........cc.cccccveeinnenne. [/°F or °C]
T s = Ambient TEMPETAtUIE ........cceiiiiiiiiiiinereeeeeeecee et [°F or °C]
Typr = Reference TemMpPerature ..........cccccvevveiieriinininiiieieicecereseee et [°F or °C]

Thermal Expansion of Flow Tube C; [-]

The equation for correcting for the thermal expansion of the flow tube is

C, = 1=, (Tsm — Ty )| (14)
Where
a, =The Linear Thermal Expansion Coefficient of the Flow Tube...........c.cccceeeneeeee. [/°F or °C]
Tsm = Temperature of the FIUId ........c.coooiiiiiiiii e [°F or °C]
Ty = Reference TempPerature ........c..coeevueiiiriieiiiniiniicneeceeeete et [°F or °C]

Pressure Expansion of Flow Tube C, [-]

Cp :[l_aP(PSTD _PREF)] (15)
Where
o, =The Pressure Expansion Coefficient of the Flow Tube...........c.cccccoeeininn [/Unit Pressure]
Py, = Pressure of the Fluid.........ccooooiiiiic [Unit Pressure]
P = Reference Pressure ... [Unit Pressure]

Meter K-Factor Equation with All Corrections

By applying the above corrections to equation 11, the following relationship is obtained. This
equation is used by the APSL Liquid Flow Laboratory for this particular 50 gpm piston prover
which has only one temperature probe and it is assumed that calibrator and meter temperature are
the same. APSL flow calibration stands that have multiple probes permit direct accounting for
liquid density differences at the calibrator and at the meter.
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P t —
K yur =ﬂX_CXKC ‘(l_aENC '(TAMB _TREF))'(l_aT ’(TSTD _TREF))'(l_aP '(PSTD _PREF)) (16)

PC tMUT
Connecting Volume

In a paper entitled, “Accounting for the Impact of Thermal Instability in the Liquid Comprising
the Connecting Volume of a Piston Displacement type Volumetric Flow Rate Standard”, by
Jeremy Latsko (AFMETCAL) and James Winchester (Arnold Engineering Development Center,
Arnold Air Force Base, Tennessee) [3], the authors quantify the thermal instabilities in the
connecting volume of a prover where the connecting volume is defined as the fluid residing in
the volume between the metering piston and the meter under test during standard volume
delivery. The authors start with the conservation of mass to derive the following equation
assuming the density of the liquid is different at the discharge port of the piston-cylinder element
and the MUT and a term is added to account for connecting volume:

I}MUT = I./STD : 1+ﬂ'(TMUT ~Tsm )+ ;CV 'ﬂ'(<TCV/'>_<TCVi>)} {17)

STD
The details of the derivation of equation 17 can be seen in Section A of the Appendices.

Where:

V mur = The time average volumetric flow rate at the meter under test during delivery of the
standard volume.

V sto = The time average volumetric flow rate at the piston during delivery of the standard
volume.

S = The volumetric thermal expansion coefficient of the fluid in the calibration system at the

nominal operating temperature at constant pressure.

1 oV 1 0
f=r o=

v or p or
Twur = The time average temperature at the meter under test during the delivery of the standard

volume.

T sm = Time average temperature at the piston during the delivery of the standard volume.

V., = The connecting volume between the meter under test and the piston, the sum of the piping

volume from the cylinder discharge port to the meter under test and the volume in the cylinder
between the cylinder discharge port and the piston at the end of standard volume delivery.
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Vep = The standard volume derived from piston displacement in the cylinder of known cross

section.

<TCVJ.> = The spatial average fluid temperature in the connecting volume at the end of standard

volume delivery. Temperature units depend on those of the  being used.

<T CV,.> = The spatial average fluid temperature in the connecting volume at the initiation of

standard volume delivery. Temperature units depend on those of the [ being used.

The term S- (TMUT —fsm) is zero because when Tyur = Tsm, as is the case for the APSL 50

gpm prover addressed in this paper. However, a contribution for this term will be applied in the
uncertainty analysis.

Combining Connecting Volume with the APSL Liquid Flow Mathematical Model

K . 1s related to volumetric flow rate using the following relationship:

' 1 1 1 1
V stp =K—'PC~—:>KC=_—-PC~— (18)

t : t
¢ ¢ V smo ¢

Meter K,,,, 1s related to volumetric flow rate using the following relationship:

1 1 1 1
'PMUT'_jKMUTZf—'PMUT'_ (19)

MuUTr mMur tMUT

VMUT =
V wmur
Inserting Vsm and VMUT from equations 18 and 19 into equation 17 the following relationship
is obtained in terms of K .andK ;.

PMUT — PC VCV

-|:1 + - (?MUT —Tsm )+

'ﬁ'<<TcW>_<TCVi>):| (20)

KMUT “Tyur KC e STD

Rearranging and solving for K, ;

PMUT _ Pc
KMUT'tMUT Kc'tc

.{1 s T L (<TCW>—<TCV,»>)} e

STD

1 — P tyur .|:1+ﬂ-(fMUT —TSTD )+ ;CV 'ﬁ'(<TCVf'>_<TCVi>):| (22)

KMUT PMUT Kol STD
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P
Kyr = }A/;UT ) ‘e K- ;/ (23)
t — —
¢ uur l+ﬂ-(TMUT—TSTD)+ =4 ‘ﬂ'(<TCVf>_<TCVi>):|
STD

Inserting K, ,.0r COTECtiON
KTranslator = KC x (CE x CT x CP) (24)
Into equation 23 the following relationship is obtained.
KMUT=%';—C'KC' (CEXCVTXCP)

¢ oMmur |:1+ﬁ'(TMUT —TSTD)+ 7VCV -ﬁ-(<TCVf>—<TCVi>):|

STD (25)
Where
C, =[1=a e (T, — Togr )] is the thermal expansion of the encoder (26)
C, = [1 —a; (fsm —Teer )] is the thermal expansion of the flow tube (27)
C,= [1 —at, (P — Py )] is the pressure expansion of the flow tube (28)
Including the corrections in equation 25 the following equation is obtained
_ Puur  tc [1_aENC(TAMB _TREF)]'ll_aT(TSTD _TREF)J'[l_aP(PFluid _PREF)]

Kyur = P .t K- _ _ % (29)

¢ Mur 1+ﬂ-(TMUT—TSTD)+VCV -ﬂ~(<TCW>—<TCVI.>)}

STD

Equation 29 is the mathematical model for the APSL 50 gpm piston prover. It includes terms for
the temperature densities at the calibrator and the MUT and also the connecting volume applied
to the APSL 50 gpm piston prover.

Uncertainty Analysis

To begin the uncertainty analysis the sensitivity coefficients for each variable in equation 29 will
be calculated using partial differentiation. The sensitivity coefficients mathematically describe
how an uncertainty in K, would be influenced by changes in the quantity or variable of

interest in equation 29. The calculated sensitivity coefficient for each influence quantity in
equation 29 is shown in Section B of the Appendices.
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Calibrator Pulses, P.[Calibrator Pulses]

The uncertainty of the encoder pulse counts is determined by the uncertainty of the pulse spacing
generated by the linear encoder; there is no uncertainty due to the counter because the counter
simply counts pulses (it either sees a pulse or it does not).

The Mitutoyo encoder used in this particular Prover is a model AT102 which has a grating pitch
of 20 um/pulse. A total of 2741 pulses were collected during this fluid draw. Therefore, the
piston traveled (274 1 pulses)(ZO ,um) =54.82mm . The Spec Sheet for the Mitutoyo Model
AT102-500 Code No. 539-119 Linear Scale Unit Manual No. 4739GB Series No. 539 [4]
provides the uncertainty for the Model AT102-500 Code 539-119 as U = (5+ 5L /10000 zm)
where L is the distance traveled by the encoder which in this case is 54.82 mm. Then

U =+(5+5-(54.82/10000))x 107 mm = +0.005027mm . With a grating pitch of 20 um/pulse this

can be converted into
(0.005027 x107 m)/(ZO x10°m/ pulse) =0.2514 pulses .

The total number of pulses collected during a water draw was 2741. Thus converting to percent
error we obtain the following.

(0.2541 pulses)

-100% = 0.0092%
(2741 pulses)

Uncertainty Summary:

Type of Uncertainty: Relative Type B

. Ky —_p!
- c

Sensitivity Coefficient:
KMUT aPC

Distribution: Normal

One Standard Uncertainty: (0-254 1 pulses)

-=0.1257 pulses

Calibrator Time, 7. [Unit Time]

The duration over which a whole number of calibrator pulses are collected is measured by the
calibrator clock. The clock used by this 50 gpm flow calibrator is supplied by a Measurement
Computing PCI-CTR10 card. From the Measurement Computing PCI-CTR10 Specification
Sheet Document Revision 1.2 dated June 2006 [5] the accuracy of the frequency of the clock is
50 ppm. The uncertainty summary for the calibrator time is shown below.
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Uncertainty Summary:
Type of Uncertainty: Relative Type B

Sensitivity Coefficient: L O _ !

MUT atC

Distribution: Rectangular

=2.886751x107s

-6
One Standard Uncertainty: (1s)- (503>< 10 )

Meter Under Test Pulses, P, [MUT Pulses]

There is no uncertainty due to 50 gpm calibrator’s counter because the counter simply counts
pulses. Assuming that there is no interference in the RF pickoff or interruption in the spinning
blades of the Turbine Meter, the uncertainty associated with the counted flow meter pulses is
Zero.

Uncertainty Summary:
Type of Uncertainty: Relative Type B

,aKMUT _p!

- fmur
KMUT a])MUT

Sensitivity Coefficient:

Distribution: Rectangular

One Standard Uncertainty: Y = Opulses

NE]
Meter Under Test Time, ¢,,,, [Unit Time]

Similarly, the duration over which a whole number of calibrator pulses are collected is measured
by the calibrator clock. The uncertainty summary for the calibrator time is shown below.

Uncertainty Summary:

Type of Uncertainty: Relative Type B

. K i ——

Sensitivity Coefficient: —tyur

MUT al‘MUT

Distribution: Rectangular
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(1s)-(50x107°

3

Calibrator Constant, K .[Calibrator Pulses/Unit Volume]

One Standard Uncertainty: =2.886751x107s

Traceability for the APSL piston prover is achieved through the volumetric fluid draw technique
where a known traceable volume is used to determine how many calibrator pulses are required to
fill it [1]. It is through the fluid draw that the calibrator constant is derived. The Fluid Draw
Uncertainty for this 50 gpm prover is shown in Section C of the Appendices.

The prover K-factor K¢ from this water draw was determined to be 2740.8099 pulses per liter
with an overall expanded uncertainty of 0.04160%.

Uncertainty Summary:
Type of Uncertainty: Relative Type B

Sensitivity Coefficient: L Riwr _ K

C
KMUT 8I<C

Distribution: Normal

(0.04160%
2740.8099 puises - 4 5000)
2

One Standard Uncertainty: =0.57008846 pulses

Encoder Thermal Expansion Coefficient, o, [°F ]

This 50 gpm stand at the APSL utilizes a Mitutoyo Model AT102 Encoder that, according to the
Mitutoyo online catalog specifications, [6] has a thermal expansion coefficient of

(8+1)x107°°C" with an uncertainty of +1x10°°C~" which converts into
(5/9PC/°F -8x10°/°C = 4.44x107° /°F with an uncertainty of
(5/9PC/°F -+1x107°/°C =5.56x107" /°F .

Uncertainty Summary:

Type of Uncertainty: Relative Type B

. aKMUT — _(TAMB _TREF)
Kyur O0apye [1 ~Cpye (T uvp T Trer )]

Sensitivity Coefficient:

Distribution: Rectangular
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5.56x107%°F "

V3

One Standard Uncertainty: =3.21x107°F"

Ambient Temperature Measurement, 7, . [°F]

The APSL’s Flow Laboratory is kept at 20°C £2°C or 68°F +3.6 °F. Assuming the laboratory is
fluctuating around 68°F by 3.6°F, the following uncertainty summary is derived for the ambient
temperature measurement.

Uncertainty Summary:
Type of Uncertainty: Relative Type B

e . 1 oK -
Sensitivity Coefficient: L MUT ENC

KMUT a]—VAMB [1 - aENC ’ (TAMB + TREF )]

Distribution: Rectangular

3.6°F

3

Thermal Expansion Coefficient of Flow Tube, o, [°F ]

One Standard Uncertainty: =2.078461°F

The Flow Tube is constructed from 316 Stainless Steel, which according to API Manual of
Petroleum Measurement Standards Chapter 12-Calculation of Petroleum Quantities, page 16,
Table 6 [7], has a linear thermal expansion coefficient of 8.83x10°°F'. Since we want an area
thermal expansion coefficient this value must be multiplied by 2 therefore the area thermal
expansion coefficient of the stainless steel flow tube is 2(8.83x10°) =1.766x10° °F'. The
online NIST Engineering Metrology Tool Box
(http://emtoolbox.nist.gov/Temperature/Slide14.asp) [8] states that the value for the linear
thermal expansion of 316 stainless steel is known within 3 to 5%. Therefore taking 5% as the
worst case the following is obtained for the uncertainty in the volume area thermal expansion
coefficient.

U =+/((5/100)- (8.83x10°°F 1))’ +((5/100)- (8.83x10-°°F 1))’ =6.2438x107°F"
Uncertainty Summary:

Type of Uncertainty: Relative Type B

. OK yur — _(TSTD _TREF)
Kyur  Oay [l_ar '(TSTD — Tper )]

Sensitivity Coefficient:

Distribution: Rectangular
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~To -1
One Standard Uncertainty: 6.2438x10 °F 3.605x1077°F !

V3

Average Temperature of Calibrator Fluid Media, Tsm [°F]

The Marlin PRT installed in this 50 gpm stand has a tolerance of 0.1% as provided by the online
product catalog [9]. The uncertainty for the calibrator fluid temperature measurement is given
below in the uncertainty summary.

Uncertainty Summary:
Type of Uncertainty: Relative Type B

Sensitizity Coefficient:
1 . GISMUT . Ay 'lV_STD + Vo ﬂ '_(TMUT _TREF)+ I:CV B (<tCVf>_<tCVi>)J_ Ve B )
K, ur OTsm [—l+aT '(TSTD —TREF)J-I_VSTD +Vrp -ﬂ-(TSTD —TREF)+ Ve 'ﬁ'(<tcyf>_<tcw>)]

Distribution: Rectangular

68°F - (0.1‘%%00)
V3

=0.039259818°F

One Standard Uncertainty:

Reference Temperature, T, [°F]

The reference temperature is an assumed constant and exact. Therefore, there is not an
uncertainty associated with reference temperature.

Uncertainty Summary
Type of Uncertainty: Relative Type B

Sensitivity Coefficient:
1 ) OK \ur _ %enc '_[1 +ar- (_TSTD — Ther ﬂ"’ Or - [1 T Xpne (TAMB — T )]
KMUT aTREF |_1+ar '(TSTD _TREF)J'[1+aENC '(TAMB _TREF)]

Distribution: Rectangular

One Standard Uncertainty: 0
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Pressure Expansion Coefficient of Flow Tube, ¢, [psig™]

From the API MPM Ch12.2.1-1995 (R2009) Appendix A-6 page 19 [10], equation 30 was
obtained.

C, =1+ 2D (30)
yxWT

Where:

Cps = Correction for the effect of pressure on steel.
P = Pressure

ID = Tube Inside Diameter

v = Modulus of Elasticity

WT = Tube Wall Thickness

The details for the calculations of Pressure Expansion Coefficient for the flow tube are available
for review in Section D of the Appendices. The uncertainty summary for the Pressure Expansion
Coefficient of the Flow Tube follows from the calculations in the Appendices.

Uncertainty Summary:

Type of Uncertainty: Relative Type B

e . K —\P,, — P
Sensitivity Coefficient: L ORyur _ (Porp = Pagr )

KMUT a05P [l_aP '(PSTD +PREF )]

Distribution: Normal

(1.14286 x 10 }0.0005803%/100%)

NE)

=3.8289966 x107" psig™

One Standard Uncertainty:

Fluid Pressure Measurement, P, [psig]

The run pressure gauge, which is read directly off the 50 gpm prover is an ASME Grade B (+3-
2-3% of Span) gauge [11]. Typically the run pressure is set at approximately 60 psig. Since 60
psig is in the middle 50% of the gauge span the uncertainty is +2% of span. The uncertainty
summary follows.

Uncertainty Summary:

Type of Uncertainty: Relative Type B
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o . K -
Sensitivity Coefficient: L ORyer _ @p

KMUT aPSTD [1 —Op- (PSTD + PREF )]

Distribution: Rectangular

((2/100)-160 psi)

V3

One Standard Uncertainty: -=1.85psig

Reference Pressure, P, [psig]

The reference pressure is assumed to be 0 psi gauge pressure. This value is arbitrary and is
defined to be exact. Therefore this no uncertainty associated with this value.

Uncertainty Summary
Type of Uncertainty: Relative Type B

0K \ur — &

KMUT aPREF - [_1+aP ’(PSTD _PREF)]

Sensitivity Coefficient:

Distribution: Rectangular
One Standard Uncertainty: 0
Thermal Expansion Coefficient of the Liquid Media, £ [°F]

This 50 gpm prover is equipped with only one temperature probe that is located approximately 7
inches from the delivery port of the piston cylinder element and approximately 13 inches from
the MUT. The data acquisition software is set to T, = T;, making the S - (fMUT —Tsp ) =0

in equation 29. However, we will still consider this term to make a point in our uncertainty.

The Liquid Media in the 50 gpm stand is MIL-PRF-7024E Type II blended with Pennant 460
gear oil. The thermal expansion coefficient for this fluid was determined by making several
density measurements at several different temperatures using an Anton Paar DMA 5000 M
density meter. The data and the calculations for the Thermal Expansion Coefficient of the Liquid
Media are shown in Section E of the Appendices. The uncertainty summary for the Thermal
Expansion Coefficient of the Liquid Media is shown below.

Uncertainty Summary for thermal expansion of MIL-PRF-7024 E Type Il and Pennant 460 Gear
Oil Blend:

Type of Uncertainty: Relative Type B
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Sensitivity Coefficient: L O _ Vst .(TMUT _TSTD)+.VCV '(<tCVf> - <lCVi>)

K, 0P - Verp - I_l + /- (TMUT —Tsmp )J+ Vey - B+ (<lcyf> - <1CV,~>)

Distribution: Normal

(5.686040% /100)-(4.90069x 10 *°F ')
2

=1.393276x107°°F "

One Standard Uncertainty:

Temperature Deviation between Meter Temperature and Calibrator Temperature,
AT =T mur —T stp [°F]

This 50 gpm piston prover utilizes one temperature probe inserted in 1 inch diameter (0.86 inch
id) line approximately 7.5 inches from the discharge port of the piston cylinder element and
approximately 13 inches from the meter. Since there is only one temperature probe the data
acquisition software is set to Master Temperature = Meter Temperature or 7 yuor =T stp. In an
effort to come up with a worst case estimation reference will be made to a 10 gpm bidirectional
piston prover that has been modified for unidirectional operation. The reason for referring to this
stand is that it has a Meter Temperature probe 7, and a Calibrator Temperature probe 7, that
are inserted into 1 inch diameter tubing, spaced approximately 86.5 inches apart. This stand also
has temperature control and calibrates meters at a much lower flow rate than the 50 gpm stand.
All these above characteristics induce a larger AT =T yur — T stp than the 50 gpm stand and
make a hypothetical worst case scenario. The AT taken from 1190 measurements of 17 different
FTO0-4 meters was averaged and an average AT of 0.55 °F was calculated. See the Distribution
of Temperature Deviations in Graph 1 below for the 10 gpm stand.

TMUT T TS'ID

300

N
[0,
o

N
o
o

Frequency
[E=Y
(O
o

100
50

0

fb(";ﬁ;\,%Vb%ﬁ’v?’\’xb‘:v\fg@é\;?"%&»‘-"%%:(?%%1?’@1'}&»&%-6\0,0’-\0’&,0‘?{\ P"ﬁo:'-”@bi&\’o ®°@

Temperature Deviation in °F

Graph 1. Distribution of Temperature Deviations between Tuur and Tsm ona 10 gpm piston
prover.
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Average Temperature of Fluid in the Meter Under Test, T wur [°F]

The Marlin PRT installed in the 50 gpm piston prover has a tolerance of 0.1% as provided by the
online product catalog [9]. The uncertainty for the fluid temperature measurement is given
below in the uncertainty summary.

Uncertainty Summary:

Type of Uncertainty: Relative Type B

e . i oK _ _ _ﬂ.I/STD
Sensitivity Cocficient K 0T wur Verp - |_1 +p- (?MUT ~Tsm )J+ Vey - B+ (<tCVf> a <tCVi>)

Distribution: Rectangular

68°F - (0.1‘%%00)
V3

One Standard Uncertainty: =0.039259818°F

Connecting Volume Uncertainty Components

This 50 gpm stand is not outfitted for all the measurements necessary to compensate for
connecting volume. However, we will consider all the components of connecting volume in this
uncertainty and make some educated assertions based on APSL data and experience to evaluate
the effect of connecting volume in the evaluation of uncertainty on this particular piston prover.

Connecting Volume, 7, [in3]

The Connecting Volume for this 50 gpm stand consists of 25 inches of 1 inch (0.86 id) tubing
which runs between the delivery port of the piston cylinder element and the MUT plus an
additional 6 in® of fluid volume remaining in the cylinder when the piston is at the end of
standard volume delivery. Therefore, the connecting volume is

(25-in)7(0.86-in)

+6.00-in’ =20.522-in’

It is estimated by the Liquid Flow Laboratory of the APSL that this connecting volume
measurement is accurate to within 12%. The uncertainty summary for connecting volume
follows

Uncertainty Summary

Type of Uncertainty: Relative Type B
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_aKMUT . ) _ ﬂ'(<t_cyf>__<tCVi>) i
Kyor Ve - |_VSTD 'l1+ﬂ'(TMUT —Tsm )J+ Ve 'ﬂ'(<tCVf>_<tCVi>)J

Sensitivity Coefficient:

Distribution: Rectangular

20.522°n° (2% |
2

One Standard Uncertainty: =1.23132-in’

Volume of Standard, V', [in’]

Latsko and Winchester define the Volume of the Standard V', to be the volume derived from

piston displacement in the cylinder of known cross section. From this definition it is obvious
that as the piston travels down the cylinder, the volume V,, will decrease and as V,,, decreases the

ratio of —<“~ in the sensitivity coefficient will increase making the contribution of the connecting
STD

volume more and more significant as demonstrated in the equation below.

Vo ) ﬂ'(<tcv_f>_<tcw>)

LIM = ' = — -
Vim0 Vao Ve -l1+ﬂ-(TMUT — T stp )J-i- Vey 'ﬂ'(<tCVf>_<tCVi>) N

Furthermore, the sensitivity coefficients offsm, L, TMUT, Ve, <tch‘> and <tcn> will be

influenced by changes in V,,,. Therefore, to test the effect that /', had on our overall uncertainty

we created spread sheet and we used the following relationship where the effective diameter of
the piston cylinder is 6.00021573487587 inches, the flow tube is 20 inches long, and Ax is the
piston displacement.

VS TD

_ (6.00021573487587 -in

2
5 ] -(20‘in—Ax~in)

For this 50 gpm prover we observed as we simulated moving the piston down the tube using the
spreadsheet the effect piston displacement had on the overall uncertainty contribution
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Figure 3.As the piston moves down the Cylinder V', decreases.
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Piston Displacement vs % Overall Uncertainty
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Graph 2. Effect of Piston Displacement on the Overall Uncertainy

From Graph 2 above it can be seen that as the piston travels down the cylinder the overall
uncerterainty of the prover does not change significantly until at a piston displacement of 19.99
inches the uncertainty due to V,, becomes significant and approaches coas the piston
displacement reaches 20 inches. This 50 gpm liquid flow calibrator has two flags that enable and
disable the encoder and are spaced approximately 19.5 inches apart. There is approximately still
0.5 inches of travel left after the last flag is reached. Therefore, the constantly changing V', will

not significantly influence the overall uncertainty of the stand.
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The APSL estimated the volume of the uncertainty of the fluid in the piston cylinder element to
within 12%. The uncertainty summary follows:

Uncertainty Summary
Type of Uncertainty: Relative Type B

Sensitivity Coefficient:
1 oK ,;ur _ Ver _ _ ﬂ'(<_tCVf>__ <tCVi>)
KMUT 8VSTD VSTD VSTD '|_1 + IB : (TMUT —Tsmo )J"' VCV IB : (<tCVf> - <tcw>)

Distribution: Rectangular

(20-in)- 7 -(6.00021573487587/2) - (12%/100%)
2

One Standard Uncertainty: =33.9216-in’

Temperature Deviation between Connecting Volume Temperature at the End of Volume
Delivery and Connecting Volume Temperature at the beginning of Volume Delivery,

Aft) = <t vy > —(tey) [°F]

This 50 gpm stand has one temperature probe located in the connecting volume 7 inches from the
delivery port of the piston cylinder and 18 inches from the MUT. The measurements from 38
FTO0-4NIYS-1 turbine meters were selected because the model FT0-4NIYS-1 requires the longest
measurement intervals of all meters calibrated on this 50 gpm flow stand. From these 38 meters

950 points were selected and the temperature at the start of the flow measurement <tcm-> was
recorded and the temperature measurement at the end of the flow measurement was <tc,,f>was

recorded. This resulted in 950 temperature deviations from 950 flow measurements. The
average temperature deviation out of these 950 measurements was 0.01°F. The distribution of
these deviations is shown below in Graph 2.
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<ty - <teyi>

Temperature Deviation °F

Graph 2. Distribution of temperature deviations at the start of a flow measurement and at the end
of the flow measurement on the 50 gpm piston prover

Connecting Volume Fluid Temperature at the End of Volume Delivery, <tcyf>

[°F]
The Marlin PRT installed in this 50 gpm stand has a tolerance of 0.1% as provided by the online

product catalog [9]. The uncertainty for the calibrator fluid temperature measurement is given
below in the uncertainty summary.

Uncertainty Summary:
Type of Uncertainty: Relative Type B

1 oK V. .
Sensitivity Coefficient: OBwur _ cr B

K ur 8<tCVf> - Ve [1 +p- (TMUT ~Tsm )J+ Vey - B+ (<tch> - <tCVi>)

Distribution: Rectangular

68°F - (0'1%%00)

NE)

=0.039259818°F

One Standard Uncertainty:
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Connecting Volume Fluid Temperature at the Beginning of Volume Delivery,

<tcw> [OF]

Similarly, uncertainty for the calibrator fluid temperature measurement is given below in the
uncertainty summary.

Uncertainty Summary:

Type of Uncertainty: Relative Type B

1 oK V., -
Sensitivity Coefficient: MU a B

Kyur a<tcw> B Verp [1 +8- (fMUT - fSTD )J"' Vey B (<tCV/"> - <tCVi>)

Distribution: Rectangular

68°F - (O.I‘V%OO)
V3

Type A Turbine Meter K-Factor Uncertainty Due to Meter Repeatability and
Reproducibility

One Standard Uncertainty: =0.039259818°F

The following repeatability and reproducibility data for turbine meter 8A013 was taken over a
period of 5 years for calibrations performed on April 12, 2004, May 22, 2006, June 13, 2007,
July 17 2008, and July 30, 2009. The data was collected from data archived on
v:\psl\liquidflow\MT50 SN MT96090156\data in the following files: 8A013 041204.sav,
8A013 052206.sav, 8A013 061307.sav, 8A013 07172008.sav and 8A013 07302009.sav. This
data was all collected into Excel, and TableCurve 2D ver. 5.0 was utilized to establish a trend
line for the data taken over this six year period. The residuals from the trend line were then used
to determine the repeatability/reproducibility of the meter. Below is a graph of the data from the
six years of collected data for turbine flow meter 8 A013.
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Graph 3. Calibrations of Turbine Flow Meter 8A013 over 5 years
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Graph 4. Trend line for Turbine Flow Meter SN: 8A013
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8A013 Residuals
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Graph 5. Scatter Plot of Turbine Flow Meter SN: 8 A013 Residuals of 5 calibrations performed
over 5 years

Using the Equation shown derived from TableCurve 2D 5.0:
Eqn# 6206 y=a+bx+c/x+dx2+e/x"2+{x3+g/x"3+hx 4+1/x 4+)x 5+k/x"5
where:

a= 6027.563487368546
b=-5.265939574767581
c=-1260082.425247799
d=0.005508407797475202
e=334092753.0823971
f=-3.516617356591668E-06
g=-54530681672.39389
h=1.237777392406586E-09
i=4965273406801.692
J=-1.831898821453802E-13
k=-191954806562639.9

and taking the % deviation of the residuals of 390 points from the trend line established by Eqn#
6206 the %Repeatability/%Reproducibility is obtained at one standards uncertainty to be
0.054941%.
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Uncertainty Summary

Type of Uncertainty: Relative Type A

Sensitivity Coefficient: K

Distribution: Normal

-1
MUT

2

2 2
One Standard Uncertainty: \/(X“ ) b ) 4 =) =0.05429275%

Uncertainty in Meter K-Factor, K, Due to Kinematic Viscosity

The uncertainty contribution that kinematic viscosity can have on meter K-Factor, K, may be

significant or it may not be significant. It depends on the flow rate, meter size and the viscosity

of the liquid flowing through the meter.

Typically, the APSL Liquid Flow Laboratory will fit the data for Meter K-Factor, K, versus

Frequency/Viscosity (F/V). In the repeatability uncertainty section above TableCurve 2D v5.0
was used to fit the data for a turbine meter SN: 8A013 using TableCurve Equation 6206. Using
this equation Graph 6 illustrates how a change in F/V relates to a change in Meter K-Factor,

KMUT

. [ k
Equation 6206: y=a+b-x+<+d-x° +i2+f-x3 +%+h-x4+%+j-x5 +—
X X X X

X

Where

F
y:KMUT:f(x)' x:;

and

a= 6027.563487368546
b=-5.265939574767581
c=-1260082.425247799
d=0.005508407797475202
e=334092753.0823971
f=-3.516617356591668E-06
g=-54530681672.39389
h=1.237777392406586E-09
1= 4965273406801.692
J=-1.831898821453802E-13
k=-191954806562639.9
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8A013 Fit using TableCurve 2D v5 Equation 6206
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Graph 6 demonstrates how a change in (F/V) influences and error in Meter K-Factor.

It is obvious from Graph 6 that the same change in F/V will cause a larger change in Meter K-
Factor wherever the slope of the fit is the largest.

The software on this 50 gpm stand uses a temperature vs. viscosity table that is derived using a
bath and viscometer, and fits the viscosity data using Andrade’s equation. The software provider
estimates the accuracy of this viscosity determination to be £1%. Assuming a normal
distribution one standard uncertainty is 0.5%.

A £0.5% error in viscosity, V will directly result in a £0.5% error in F/V. Graphs 7 and 8 were
generated by varying the actual F/V taken from actual meter data by £0.5% for an FT8 and an
FT16 Turbine Meter over different viscosities.

The £0.5% F/V numbers were then run back through the equation fit generated by TableCurve
2D v5.0 to determine the Meter K-Factor for both a +F/V error and a —F/V error. The % error in
Meter K-Factor was then plotted against Log(F/V). The Log plot was used to stretch out the
scale on the F/V axis, making the change in meter K-factor more visible.
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Graph 7. %Error in Meter K-Factor vs Log(F/V) for Meter SN: 8A013 at 1.187 ¢St, 10.19 cSt,

23 ¢St, 30 cSt, 35 ¢St, and 69 cSt.
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Graph 8. %Error in Meter K-Factor vs Log(F/V) for Meter SN:
25.09 cSt, 33.22 cSt, and 59.46 cSt.
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Graphs 7 and 8 illustrate how meter size and viscosity influence the %Error in Meter K-Factor.
Typically the steepest slope of the curve fit is at the lowest F/V; however, in Graph 8 for the
16A013 at 59.46 cSt the largest %Error in Meter K-Factor occurs at the highest F/V for the 59.46
cSt run. This larger error occurs at the end of the of the 59.26 ¢St run because the +F/V value
used to determine Meter K-factor lies outside the original data set that was used to generate the
curve fit using TableCurve 2D v5.0. This error also can occur for —F/V. Using the largest slope
in the equation curve fit will find the largest % error in meter K-factor only when there are no
F/V values used that lie outside the original data set used to generate the curve fit.

There are five methods that can be employed when determining the uncertainty in K-factor
caused by errors in viscosity: 1) ignore the error in due to viscosity; 2) cut off the steep sloped
portion of the curve fit that causes significant errors in the overall uncertainty budget; 3) find
where the worst case % error due to viscosity is and include this in the overall budget; 4) take an
average % error in viscosity and include this in the overall budget and 5) provide an overall
point-by-point uncertainty budget that includes the % error due to viscosity.

Method 3 is the most conservative, Method 4 is the most practical and Method 5 is the most
revealing.

Since this run for meter SN 8 A013 used for this uncertainty analysis was performed in a
hydrocarbon media at 1.269 cSt the worst case contribution is selected because it is the most
conservative method and will yield an insignificant % error in meter K-factor due to the low
viscosity liquid.

Graph 9 is a plot of % Error Meter K-Factor vs F/V for Meter SN: 8A013 in 1.269 cSt.
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Graph 9. Plot of % Meter K-Factory vs F/V for Meter SN: 8A0131 at 1.269 cSt.
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From the data set for the 8A103 Turbine Meter in 1.269 ¢St the worst case maximum % error is
0.00992% and therfore 0.00992% will be used for the worst case scenario.

Uncertainty Summary for effect of Viscosity on Meter K-Factor (Meter Specific).

Type of Uncertainty: Relative Type B
Sensitivity Coefficient: K, ,

Distribution: Normal

2881.2364 —2880.6665
2880.6665

One Standard Uncertainty: ( Jx 100% = 0.00992%

Combined and Expanded Uncertainty
Combined Uncertainty

The combined uncertainty is obtained by root sum squaring all the uncertainty contributions as
shown below. Note that the temperature terms are assumed all to be correlated and their
uncertainties were simply summed together to obtain a conservative worst case uncertainty.

\

| 2, 2 2 2 2
UC - \/ul’y +u’c +uPMUT +u’m7 +ch T

U, =0.0596219%

agNe

L
2 2 2 2 2 2 2 2
+(”TAMB tup g +u<lm> +u<[m>f tUy tu, Fup g tuy tup i g

Expanded Uncertainty

The expanded uncertainty is achieved by multiplying the above calculation by a coverage factor
k=2 to achieve a 95% level of confidence.

U, =kU_, =2(0.0596219%) = 0.1192439%

Table 6 is the spreadsheet used for the calculation of the uncertainty budget for this 50 gpm machine
using turbine meter SN: 8A013 in 1.269 ¢St liquid media.
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Table 6. Uncertainty Budget for APSL 50 gpm Liquid Flow Calibrator using Turbine Meter SN
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Conclusions

Volume

ing

ficance of Connecti

igni
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Table 7 below is an uncertainty analysis performed by the same APSL 50 gpm prover without

considering connecting volume.
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Table 7. Uncertainty on 50 gpm Liquid Flow Calibrator without considering Connecting Volume.
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By comparing the uncertainty budget including connecting volume (Table 7) to the uncertainty budget not
including connecting volume (Table 8) the overall combined and expanded (k=2) uncertainty is 0.1192%
to 0.1186% respectively. From the analysis for the APSL 50 gpm liquid flow calibrator used in this
uncertainty analysis the assumption that the density of the liquid media in the stand is the same at the
delivery port of the piston cylinder and the meter under test is a good assumption and the contribution of
connecting volume is insignificant.

Graph 9 shows the overall uncertainty contribution of each influence quantity when connecting volume is
included in the uncertainty budget.

Contribution of Influence Quantities to Uncertainty Budget
(Includes Connecting Volume)

aoooon
aoozo'o
o000
aoo9oo
aoos0'0
aoooTo
aoozT'o

Calibrator Encoder Pulses

-

Calibrator Time
Flow Meter Pulses

Flow Meter Time

|

Water Draw Encoder Pulses (Water Draw)
Encoder Linear Thermal Expansion Coefficient
Ambient Temperature Measurement i
Tube Area Thermal Expansion Coefficient
Average Temperature of the Fluid in Standard |l
Reference Temperature
Wolume Pressure Expansion Coefficient of Flow Tube
Fluid Pressure Measurement
Standard Pressure (gauge)

Thermal Expansion of the Fluid Media
Averge Temperature of Fluid through the MUT :
Connecting Volume
Standard Volume
Temperature of CV at End of Volume Delivery

Temperature of CV at Beginning of Volume Delivery

Errorin Meter K-Factor due to Kinematic Viscosity

Meter Repeatability & Reproduceabilty (Type A) 0.1-1 gpm

Graph 9 Influence Quantities and their contribution to error in overall Meter K-Factor for Uncertainty
Budget Including Connecting Volume.

Graph 10 shows the overall uncertainty contribution of each influence quantity when connecting volume
is excluded in the Uncertainty Budget.
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Contribution of Influence Quantites to Uncertainty Budget
(Excludes Connecting Volume)

0oooo'o
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0O0ZT'0

Calibrator Encoder Pulses

-

Calibrator Time
Flow Meter Pulses

Flow Meter Time

|

Water Draw Encoder Pulses (Water Draw)

Encoder Linear Thermal Expansion Coefficient
Ambient Temperature Measurement #

Tube Area Thermal Expansion Coefficient

Fluid Temperature Measurement (Master = Meter)
Standard Temperature

Yolume Pressure Expansion Coefficient of Flow Tube
Fluid Pressure Measurement

Standard Pressure (gauge)

Error in Meter K-Factor due to Kinematic Viscosity

Meter Repeatability & Reproduceabilty (Type A) 1.0-10 gpm

Graph 10. Influence Quantities and their contribution to error in overall Meter K-Factor for Uncertainty
Budget Excluding Connecting Volume.

The overall significance of connecting volume in an uncertainty budget depends on the design of the
particular liquid flow piston prover under consideration. Provers with large volumes between the
discharge port of the piston cylinder element and the meter under test will have larger contributions to the
uncertainty budget. Also temperature control plays a large factor as well.

Viscosity

As shown in this paper, the influence of viscosity at the meter and its contribution to the overall
uncertainty can be significant especially for high viscosity fluids flowing through small meters at low
flow rates. The liquid flow community does not have a standard method for addressing the influence of
viscosity in uncertainty budgets. The method chosen may depend on whether the laboratory chooses to
be ignorant, safe, conservative, practical, or concise.
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Appendices

A. Connecting Volume Derivation:

M wvur = M srp (Continuity Equation) (1)

Where:

M wur = Average mass flow rate through the Meter Under Test (MUT)

M srp = Average mass flow rate from the Standard Liquid Flow Prover

From the relationship M = r (2)
P

Where

M =Mass

V' =Volume

p = Density

The average Volumetric Flow Rate V' is given by

M .

Y. M _y (3)

e pric

Therefore,

o M g, ORI :

V stp = ——=—, which is the average volumetric flow rate from the Standard Prover 4)
Psm e

- M MUT SR .

V mur = P which is the average volumetric flow rate through the Meter Under Test  (5)
Puur “te

From the ratio of equations 4 and 5 the following is obtained

" My
V mur _\ Pyur e

[ ]
V stp

_ Psm

Puur

( M g5
Psrp e
(6)

And solving for V yur the following relationship is obtained.
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VMUT = VSTD : (pslj (7)

Puur
This equation is derived assuming that the temperature is stable throughout the connecting
volume, which may not actually be the case. In an effort to model the impact of temperature
instabilities in the connecting volume J. Latsko and J. Winchester account for the connecting
volume and temperature instabilities using the following relationship.

Mg, + M, =M, + M, (Continuity Equation) (8)

M ¢, =Mass of liquid in the Standard Prover

M ., =The mass of the liquid in the connecting volume at the initiation of volume delivery
M ,,,; =Mass of liquid in the Meter Under Test

M ., = The mass of the liquid in the connecting volume at the end of volume delivery

From the fact that M = p-V 9)
Equation 8 becomes
Psto Vs + Pevi 'ch = Pyur Vwr + Pevy Vew (10)

To obtain flow rate we divide by the delivery time ¢,

Psio Ve n Pevi Ver _ Puur Viur n Peyy Vey (11
le e e e

N vV N V.

V wur = Mand Vs = 51D (12)

le e

Therefore,

Povwr *Vawr _ Psmw Ve + Pevi Ver . Pcyr Vey (13)
e e e e

This reduces to

iy 1 o _ .=

Vior == '{VSTD “Psm +Vey [Mj} (14)

P mur le
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or

; Psmp_ Ver '_(Pcw _'OCVf)

Vuor =Vsm-=

P mur Puur “te (15)

Factoring out V srp of the right hand side of equation 15 the following relationship is obtained

y _;STD n ng '(pCVi _pCVf)

[ ]
Vmur =V s -

(16)
P uur ’ s .
Visto - par +te
. . Verp
Given that V smp = then
e
o o 5 V. . o
Vyvor =V s - Lsto = ('DCV_ Fo )} (17)
P uur Ve * Puwor
This can be rewritten as
N . — 1% -
V sur =V smo - L o (pCV_ Fo )} (18)
| Puur Ve P yur
or
D % | |
V sor =V s - Psip_, “er -(LOCV’ —fCV/ J:| (19)
| Puur Viro \ Par  Paur

In a fluid of given thermal expansion coefficient, B, the ratio of density at different temperatures,
T, & Ty can be expressed as

Pr 4 p(r,-T),) (20)
Pr,

During a period of time, t., the ratio of average densities over the period would be determined
using the temporal average temperatures.

Bﬂ:l-Fﬂ'(fMUT_fSTD) 21)

P yur
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For determining the initial and final densities of fluid inside the connecting volume, spatial
average temperatures at the initial and final times for the standard volume delivery apply. Thus,

_pﬂzl+,8'(fMUT _<TCVi>) (22)
P mur

Lot 14 p-(Towr ~(1,,,)) (23)
P uur

And

e o R CHRCH) 2

Puur  Puur

And equation 35 becomes

V mur =V st '{I'F/B'(TMUT ~Tsm )+ ;CV 'ﬂ'(<TCV/'>_<TCV“>)} @3)

STD

B. Sensitivity Coefficients

Calibrator Pulses, P.[Calibrator Pulses]

! .M__pfl

C
K MUt ok, c (1)
Time Calibrator, ¢ [seconds]
1 . oK MUT  _ 41
—tc
Kypr  Ofc )
Turbine Meter Pulses, P, [Meter Pulses]
1 . 8KMUT _ p-l
- fmur
K MUT oP, MUT (3)
Meter Time, ¢,,,, [seconds]
1 aKﬂ — 41
- MUT
K mur ot mur (4)

2012 NCSL International Workshop & Symposium



Calibrator Constant (Water Draw), K .[Calibrator Pulses/Unit Volume]

1 _aKMUT _K

KMUT aKC ‘ (5)

Thermal Expansion of Encoder, o, [°F ]

1 _aKMUT _(TAMB_TREF)

= (6)
Kyor 0tgye [1 ~Opye (T s T Trer )]
Ambient Temperature, 7, [°F]
1 oK MUT __ — Qe
: = (7)
KMUT aTAMB [1 - aENC ) (TAMB + TREF )]
Thermal Expansion Coefficient of Flow Tube, o, [°F'1]
1 oK —\Ty,, — T
. MUT — ( STD REF) (8)

KMUT aaT [1 —Qr '(TSTD _TREF )]

Average Temperature of Calibrator Fluid Media, Tsm [°F]

1 . 8[£MUT _ . Qr 'li/sm + VSTD '_ﬁ_'(fMUT TREF)+ VCV ﬁ (< CVf> CVz )J STD
KMUT OT sto I_l_ar '(TSTD +TREF )J lVSTD + VSTD ﬂ( Mur — STD)+ VCV ﬂ (<tCVf> CV[ )J (9)

Reference Temperature, 7., [°F]

1 aKMUT _ %ene Il qr - (TSTD+TREFﬂ+aT [1 Agne - (TAMB TREF)]

Kyor aTREF B ll Qr - (TSTD + T )J [1 Aene - (TAMB + Ter )] (19
Pressure Coefficient of the Flow Tube, o, [psi'l]

I Kyyr (P = Par) (11)
Kyr  0ap [+, (Pyp = P )]
Pressure of the Calibrator Fluid, P, [psig]

1 oK, _ —ap (12)

Kyur . 8PSTD [1 —Qp- (PSTD + Prpr )]
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Reference Pressure, P, [psig]

1 . oK,z _ ap 13
KMUT af)REF [1 - aP ' (PSTD + PREF )] ( )
Thermal Expansion Coefficient of Fluid, S [°F'1]

1 .8KMUT _ I_/STD '(fKUT _?iTD)—i—_VCV '(<tCVf>_<ZCVi>) (14)
Kyyr OB Vs '|_1+ﬁ'(TMUT _TSTD)J+ Ver ':B'(<tCVf>_<tCVi>)
Average Temperature of Fluid in the Meter Under Test, T wor [°F]
i. QK — . _ : IB ’ I_/STD
K oTur Vg 1+ B-(Tswr =T s )|+ Vey - (101 )~ (1)) 15)
Connecting Volume, V., [in’]

1 O0K,ur ﬁ-(<tCVf>—<tCV,»>)

_ _ : _ S - (16)

Kyor  Vey = lVSTD 'l1+ﬂ‘(TMUT —T'smo )J+ Ve 'ﬁ'(<tCVf>_<’cw>)J
Volume of Standard, V,, [in’]

1 OKyur _ Ver ) _ B (<_tCVf>__ <tcw>)
KMUT 6VSTD VSTD VSTD '|_1 + IB : (TMUT —T'sm )J"’ VCV IB ' (<tCVf> - <tCVi>) (17)
Connecting Volume Fluid Temperature at the End of Volume Delivery, <tCVf> [°F]

1 Ky _ _ _ _— Vp - B
K ur 8<ZCW-> Verp |_1 + [ (TMUT —T s )J+ Vey - B+ (<l‘CW> - <tCV[>) (18)

Connecting Volume Fluid Temperature at the Beginning of Volume Delivery, <tCV[> [°F]
! . 8KMUT = . - _ VCV_'ﬁ
KMUT a<tcw> VSTD ll"‘ﬁ'(TMUT _TSTD)J"‘ VCV 'ﬁ'(<tCVf>_<tCVi>)

(19)
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C. Fluid Draw Uncertainty for 50 gpm Stand

id flow

ty analysis from a fluid draw performed on the 50 gpm liqui
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D. Pressure Expansion Coefficient of Flow Tube, o, [psig™]

Utilizing equation 30 on page 16 of this paper the following Table was calculated from pressures
ranging from 0 to 100 psi in 5 psi steps.

Observed
Pressure
(psig) CPS
0.0 1.000000
5.0 1.000006
10.0 1.000011 v= 2.80E+07 psi
15.0 1.000017 WT= 0.1875
20.0 1.000023 ID= 6.000 in
25.0 1.000029
30.0 1.000034
35.0 1.000040
40.0 1.000046
45.0 1.000051
50.0 1.000057
55.0 1.000063
60.0 1.000069
65.0 1.000074
70.0 1.000080
75.0 1.000086
80.0 1.000091
85.0 1.000097
90.0 1.000103
95.0 1.000109 Pressure Expansion Coefficient
100.0 1.000114 1.14286E-06 /psi

Calculating the slope from the data in Table the volume expansion coefficient was calculated for
2316 SSto be 1.14286x107° / psi flow tube with a 6.0 in diameter and a 0.1875 wall thickness.

The uncertainty in the above value was then determined from the calibrator pressure, the flow
tube inside diameter, the modulus of elasticity, flow tube wall thickness.

Pressure, P [psig]

This is the same pressure uncertainty that is calculated above in the fluid pressure, P, ., section

above except there is a different sensitivity coefficient for determining the pressure expansion
coefficient of the flow tube. This sensitivity coefficient is given below

0Cp D
C,s OP y-WT+P-ID

Sensitivity Coefficient:

Flow Tube Inside Diameter, ID [in]

The Flow Tube inside diameter of 6.0 inches was taken from the Flow Technology Test Report
for MT50 SN: MT96090156 dated, 11/05/1997. It was assumed that the nominal value of 6.0
inches was measured accurately to within 0.0001 in. Therefore:
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Uncertainty Summary:
Type of Uncertainty: Relative Type B

Sensitivity Coefficient: L s _ il
C, OID y-WT-P-ID

Distribution: Rectangular

One Standard Uncertainty: 0.000lin _ 5 773510 in

V3

Modulus of Elasticity, y [psig]

The API Manual of Petroleum Measurement Standards Chapter 12-Calculation of Petroleum
Quantities Table 7 Modulus of Elasticity Discrimination Levels (E) page 17 states that the
modulus of elasticity for 316 Stainless Steel is 28,000,000 psi. The uncertainty associated with
this value is given by the Materials Metrology and Standards for Structural Performance book on
page 157 to be accurate to within £2%. Therefore:

Uncertainty Summary:
Type of Uncertainty: Relative Type B

Sensitivity Coefficient: I 0Ch =— P-ID

Cps oy yly-WT—P-ID)

Distribution: Normal

(28,000,000 psig )- (2% /100%)
2

One Standard Uncertainty: = 280,000 psig

Flow Tube Wall Thickness, WT [in]

The Flow Tube wall thickness of 0.1875 inches was taken from the Flow Technology Test
Report for MT50 SN: MT96090156 Dated, 11/05/1997. It was assumed that the nominal value
of 0.1875 inches was measured accurately to within 0.0001 in. Therefore:

Uncertainty Summary:
Type of Uncertainty: Relative Type B

0C, P-ID

Sensitivity Coefficient: =
Cpy OWT — WT(y-WT—P-ID)
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Distribution: Rectangular

0.0001in

NE]

The above uncertainties are then combined in Table 3 below to calculate the total uncertainty of
the volume pressure coefficient of expansion for a 316 SS tube with a 6.0 in diameter and a
0.1875 wall thickness.

One Standard Uncertainty: =5.7735x10"in

The uncertainties are combined and expanded by root sum squaring the above uncertainties
together and multiplying by 2:

Up =2 \Jup +upy +u’ +ujy =0.0006%

Distribution One Std Sensitvity 1StdUnc] Var
Variable| Value |Unit| Norm. Rect. Unc Coeff. Sens. o o’
D
P v
60 |psig 3.2 1.84752 | y-WT-P-ID 1.14E-06| 2.11F-06| 4.46E-12
P
ID e b
6 in 0.001 |[5.77e-04| 7-WT—-P-ID 1.14E-05| 6.60E-09| 4.35E-17
y P-ID
2.80E+07 | psig 1400000 | 8.16+05 | 7(7-WT—P-ID) | -2.46-12| -1.98€-06| 3.926-12
WT i P-ID
0.1875 | in 0.001 |5.77E-04 WT(y-WT—P-ID) -3.66E-04| -2.11E-07| 4.46E-14
Combined Variance:| 8.42E-12
0.0005804 Combined Uncertianty (k=1):[ 2.90E-06
Expanded Uncertainty (k=2):| 0.0006%

Combine and Expanded Uncertainty for Flow Tube Pressure Expansion Coefficient

E. Thermal Expansion Coefficient of the Liquid Media, £ [°F]

This data collected from the Anton Paar DMA 5000 M is shown in the table that follows.
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DMA 5000 M Vol Exp
Temp Density B A
°F g/cm? °p? °fp?t
50.00f 0.816897
59.00| 0.813368 4.82083E-04 -7.9854E-06
68.00| 0.809837 4.84460E-04| -5.6091E-06
77.00f 0.806301 4.87273E-04| -2.7955E-06
86.00| 0.802762 4.89837E-04 -2.3210E-07
95.00| 0.799219 4.92564E-04 2.4955E-06
104.00f 0.795672 4 .95319E-04 5.2498E-06
113.00f 0.792115 4.98946E-04 8.8768E-06
Average Stdev
4.90069E-04 1.1991E-05

Thermal Expansion Determined from Temperature and Density Reading Taken from Anton Paar
DMA 5000 M Density Meter

The data from the DMA 5000 is shown in the two left columns (the Temperature and the
corresponding Density). The thermal expansion 3 of the liquid was then calculated as follows.

The equation for determining volume based on a change in temperature is given below.
V.=V, '[1+ﬁ'(tt _to)]
Where:

V= Final Volume

Vo = Initial Volume

B = Thermal Expansion of the liquid
t, = Final Temperature

to = Initial Temperature

Since density, p, is m/V (mass over volume), V is m/p (mass over density) and the above
equation becomes.
m

_:ﬂ'[l—l'ﬂ'(tt _to)]
P Po

Due to the conservation of mass, the mass is the same for the initial and final measurement and
the only value that changes is the density due to a change in volume. Therefore,

e LA
P Po

t

po=p, [+ Bt —1,)]
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Solving for 3 the following relationship is obtained.
P,
;e —
(t i~ )

The average of the expansion coefficient over all the measurements was determined to be
4.90069x10* °F"".

The uncertainty of this value was determined from the standard deviation calculated above in
Table 1 and the temperature accuracy specification of the Anton Paar DMA 5000 M. The
accuracy of the Anton Paar 5000 M is given below:

Density p accuracy of DMA 5000 is 5x10° g/cm3 [12]. Uncertainty of water used for air water
adjustment of DMA 5000 is 11x10® g/cm’ from SH calibration certificate number 19595 dated
14 May 2009 [10].

Total Accuracy of DMA:

-6 3\? -6 3
U, 2\/(5x10 2g/cm j +(11X10 2g/cm J:1.2083x10_5g/cm3

Temperature T is measured to an accuracy of 0.018°F.

However, using the volume expansion equation above to calculate thermal expansion, we notice
that the same probe and density meter is used to find the initial and final temperatures and
densities: this means that the initial temperature and the final temperature uncertainties are
correlated and the same is true for the initial density and final density. Therefore, these
uncertainties instead of being root sum squared must be simply added together.

Initial Density, p, [g/cm3]

The initial density uncertainty was determined by the first measurement using the Anton Paar
DMA 5000 M. Using the accuracy of the DMA 5000 M and the accuracy of the dionized water
used to characterize it the overall accuracy of the DMA 5000 M is calculated above to be
+12x10° g/cm’. This uncertainty will be correlated to the final density measurement and must
be added to the final density measurement uncertainty; they cannot simply be root sum squared
together.
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Uncertainty Summary for Initial Density:
Type of Uncertainty: Relative Type B

1 op 1

Sensitivity Coefficient: B opy (py-p))

Distribution: Rectangular

12.083x10° g /cm’
One Standard Uncertainty: V3

=6.97615x10"° g /cm®

Final Density, p, [g/cm3]
Uncertainty Summary for Final Density:

Type of Uncertainty: Relative Type B

1.9 _ Po
B op, 2 ( Po _1]
Sensitivity Coefficient: P

Distribution: Rectangular

12.083x10° g /cm’
One Standard Uncertainty: V3

=6.97615x10° g /cm’

Initial Temperature,t, [°F]

The initial temperature uncertainty was determined by the first measurement using the Anton
Paar DMA 5000 and according to the manufacture’s specification; this measurement was

accurate to within £0.018°F [11]. This uncertainty will be correlated to the final temperature
measurement and must be added to the final temperature measurement uncertainty; they cannot
simply be root sum squared together.

Uncertainty Summary for Initial Temperature:
Type of Uncertainty: Relative Type B

1op__1
Sensitivity Coefficient: B oo, (6-1,)
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Distribution: Rectangular

00187 =0.010392°F

One Standard Uncertainty: V3

Final Temperature,t, [°F]

Uncertainty Summary for Final Temperature:

Type of Uncertainty: Relative Type B

1op_1

Sensitivity Coefficient: B o, p,
Distribution: Rectangular

0.018°F

=0.010392°F

One Standard Uncertainty: V3
Repeatability of the Thermal Expansion Measurement, [°F]
The repeatability of the Thermal Expansion Measurements was calculated from the Standard
Deviation of the Thermal Expansion measurements and determined to be 1.1991x10” °F! which
is already one standard uncertainty.

Uncertainty Summary

Type of Uncertainty: Relative Type B

-1
Sensitivity Coefficient: s

Distribution: Normal

One Standard Uncertainty: 1.1991x 107

Combined and Expanded MIL-PRF-7024E Type II and Gear Oil Blend Thermal
Expansion Uncertainty

See the following Table 5 for the total uncertainty for the determination of the calculated thermal
expansion of MIL-C-7024 and Gear Oil blend. The total uncertainty is calculated by summing
the uncertainties for the temperature and density measurements and root sum squaring them with
the repeatability. Therefore:

2012 NCSL International Workshop & Symposium



Distribution One Std Sensitivity | Sense Std. Unc.

Variable | Value Unit | Normal Rect Unc Coeff. Value 1s
1
Py : (0, =p)
0.816897|g/cm 1.2E-05( 6.9282E-06 Po=Pi) | 283.3664| 1.9632E-03
Py
: )
0.813368 g/cm3 1.2E-05( 6.9282E-06 Pi 284.5958| 1.9717E-03
t !
50.00( °F 1.8E-02( 0.0103923 (’,—fo) 0.111111]0.00115470
1, RS
59.00( °F 1.8E-02( 0.0103923 Py 1.229456|0.01277688
-1
Repeatﬂ 4.90E-04| °F' | 2.40E-05 1.1991E-05 P 2040.53 2.45E-02

Combined and Expanded Uncertianty: 5.6860%

Table 5. Combined and Expanded Uncertainty for 5.

U =2,/(0.196322% + 0.197174%)* +(0.115470% +1.277688%)° +(2.446842% )’ = 5.6860%
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